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
,QWURGXFWLRQ
/DVHUKDUGHQLQJ LVD VXUIDFHKDUGHQLQJ WUHDWPHQW WKDW LVEHFRPLQJDNQRZQPDQXIDFWXULQJSURFHVV LQGLIIHUHQW
LQGXVWULDOVHFWRUVVXFKDV WKHDXWRPRWLYH LQGXVWU\RU LQ WKHPDQXIDFWXUHRIGLHDQGPROGVVHFWRU&RPSDULQJ ODVHU
KDUGHQLQJ WHFKQRORJ\ZLWKPRUH WUDGLWLRQDO KDUGHQLQJSURFHVVHV VXFK DV DQ LQGXFWLRQRU D IODPHKDUGHQLQJ LW LV
SRVVLEOHWRSURFHVV'FRPSOH[VKDSHVZLWKDPLQLPXPKHDWDIIHFWHG]RQHDQGWKHUPDOGLVWRUWLRQV7KLVSURFHVVLV
EHLQJXVHGLQWKHLQGXVWU\PDLQO\IRUKDUGHQLQJVWDPSLQJGLHVDQGPROGVDQGLWLVDOVREHLQJXVHGLQORQJVHULHVRI
DXWRPRWLYH FRPSRQHQWV VXFK XV GRRU KLQJHV 3RSUDZH  ,Q DGGLWLRQ WKH LQWHUHVW RI WKLV SURFHVV OLHV LQ WKH
SRVVLELOLW\ RI GLUHFW LQWHJUDWLRQ RI D ODVHU KHDW VRXUFH RQ WKH SURGXFWLRQ OLQH ZLWKRXW DQ DGGLWLRQDO TXHQFKLQJ
PHGLXP DV ZHOO DV WKH SRVVLELOLW\ WR SURGXFH GLIIHUHQW PLFURVWUXFWXUHV LQ WKH SDUW ZLWK D YHU\ DFFXUDWH FRQWURO
EHWZHHQWKHWUHDWHGDUHDVJHWWLQJDVRIWFRUHZLWKDKDUGHQHGVXUIDFHOD\HUZLWKFRPSUHVVLYHUHVLGXDOVWUHVVHVLQWKH
VXUIDFH%KDGHVKLD
)XUWKHUPRUHZKHQWKHODVHUSRZHULVQRWKLJKHQRXJKWRUHDFKWRWKHKDUGHQLQJWHPSHUDWXUHVLQWKHQHHGHGWUDFN
ZLGWKRULWLVDFORVHGODVHUWUDMHFWRU\WKHUHLVDQRYHUODSSHGKDUGHQHG]RQHZLWKDQRYHUWHPSHUHGDUHDQHDULW7KH
GLIIHUHQW]RQHVLQWKHSDUWDIWHUODVHUKDUGHQLQJSURFHVVZLWKPXOWLWUDFNVWUDMHFWRULHVDUHVKRZQLQ)LJ7KHPDLQ
SUREOHPRIPXOWLWUDFNODVHUKDUGHQLQJSURFHVVLVWKHRYHUODSSHGDUHDEHWZHHQGLIIHUHQWODVHUWUDFNV,QWKLVDUHDDQ
RYHUWHPSHUHGVWUXFWXUHZLWKDORZHUKDUGQHVVLVFUHDWHG7KHKDUGQHVVYDOXHVLQWKHWHPSHUHG]RQHPD\QRWPHHW
WKHPLQLPXPKDUGQHVVUHTXLUHPHQWV7KDWRYHUWHPSHUHGVWUXFWXUHLVORFDWHGDWWKHPLGGOHRIWZRRYHUODSSHGODVHU
WUDFNVRUEHWZHHQWKHEHJLQQLQJDQGWKHHQGLQJRIDFORVHGWUDMHFWRU\

)LJ+DUGHQHG]RQH%DVHPDWHULDO3DUWLDOKDUGHQHG]RQH5HKDUGHQHG]RQH2YHUWHPSHUHGDQGSDUWLDOUHKDUGHQHG]RQH
7HPSHUHG]RQH
7KXV LQ WKLV SDSHU WKH KDUGQHVV LQ WKH RYHUODSSHG ]RQHV LV VWXGLHG E\ PHDQV RI QXPHULFDO VLPXODWLRQV DQG
H[SHULPHQWDOWHVWVGXULQJDWHPSHUDWXUHFRQWUROOHGODVHUKDUGHQLQJZLWKVFDQQLQJRSWLFVSURFHVV)LUVWWKHQXPHULFDO
PRGHOGHYHORSHGZLWKSKDVHWUDQVIRUPDWLRQVGXULQJKHDWLQJLVH[SODLQHG7KHQWKHXQNQRZQSDUDPHWHUVDUHWDNHQ
H[SHULPHQWDOO\IRUDFRUUHFWKDUGQHVVPRGHOOLQJDQGWKHUHVXOWVDUHFRPSDUHGZLWKWKHRQHVREWDLQHGH[SHULPHQWDOO\
IRUGLIIHUHQWRYHUODSSHGDUHDV
7RFRQFOXGHWKHVWHHOVXVHGGXULQJWKHH[SHULPHQWVWRVWXG\WKHSURSRVHGPHWKRGRORJ\DQGWKHKDUGQHVVLQWKH
RYHUODSSHGDUHDDUHRIWZRW\SHVZLWKYHU\GLIIHUHQWWHPSHULQJFXUYHVDFROGZRUNWRROVWHHO',1;&U0R9
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DQG DPHGLXPFDUERQ ORZDOOR\ VWHHO',1&N7KH H[SODQDWLRQRI WKHPHWKRG KDV EHHQ SHUIRUPHGZLWK',1
&NFDUERQVWHHODQGLQ6HFWLRQWKHUHVXOWVDUHFRPSDUHGZLWKWKHRQHVWDNHQIURP',1;&U0R9WRRO
VWHHO
(PSLULFDO1XPHULFDOPHWKRG
7KHUHVXOWVRIWKHPRGHODUHWRHYDOXDWHDQGSUHGLFW WKHKDUGQHVVYDOXHLQ WKHRYHUWHPSHUHGDUHDEHWZHHQWZR
RYHUODSSHG ODVHU WUDFNV GXULQJ ODVHU KDUGHQLQJSURFHVV WKH SURFHVV KDV EHHQ VLPXODWHG E\PHDQV RI D QXPHULFDO
PRGHOZKLFKLVVXPPDUL]HGLQWKHIROORZLQJSRLQWV
x 7KHUHODWLRQVKLSEHWZHHQWHPSHUDWXUHWLPHSRVLWLRQPDWHULDOSKDVHVLVWDNHQLQWRDFFRXQWWKURXJKRXWWKHZKROH
VLPXODWLRQ
x 1XPHULFDOPRGHOLVSURJUDPHGZLWKDPDWUL[EDVHGPHWKRGLQ0DWODEVRIWZDUH
x 7KHPDLQHTXDWLRQSURJUDPHGLVWKHKHDWFRQGXFWLRQHTXDWLRQGLVFUHWL]HGE\ILQLWHGLIIHUHQFHPHWKRG
x 7HPSHUDWXUHGHSHQGHQWPDWHULDOSDUDPHWHUVDUHLQWURGXFHGDVGHQVLW\DQGGLIIXVLYLW\
x 3KDVHWUDQVIRUPDWLRQVDUHLQWURGXFHGGXULQJKHDWLQJ6HFWLRQ3KDVHWUDQVIRUPDWLRQVSDUDPHWHUVDUHREWDLQHG
SUHYLRXVO\E\PHDQVRIH[SHULPHQWDOWHVWV
x &RQVWDQWWHPSHUDWXUHLQWKHSDUWVXUIDFHGXULQJWKHVLPXODWLRQLVLPSOHPHQWHGE\DWHPSHUDWXUHFRQWUROORRS7KH
VDPH3,'FRQWURO DV WKHRQH LPSOHPHQWHG LQ WKHPDFKLQHGXULQJ WKHKDUGHQLQJSURFHVV ,W LV QRWQHFHVVDU\ WR
LQWURGXFHWKHXQNQRZQDQGYDULDEOHPDWHULDOHPLVVLYLW\RUDQGODVHUORVVHV

7KHUHVXOWVRIWKHPRGHODUHLQHDFKVLPXODWHGQRGHRIWKHSDUWWKHWHPSHUDWXUHDQGWKHSHUFHQWDJHRIHDFKSKDVH
SHDUOLWH IHUULWH DQG DXVWHQLWHPDUWHQVLWH DORQJ WKH WLPH 'XULQJ WKH FRROLQJ VWDJH LW LV VXSSRVHG WKDW DOO WKH
DXVWHQLWHDIWHUDIDVWFRROLQJKDYHEHHQFRQYHUWHGLQWRPDUWHQVLWH$IWHUWKHVLPXODWLRQZLWKWKHSKDVHSHUFHQWDJHV
DQGHYDOXDWLQJ(TXDWLRQWKHKDUGQHVVYDOXHLQHDFKQRGHRIWKHSDUWLVWDNHQ7KXVWRHYDOXDWHWKHKDUGQHVVRIWKH
ILUVWWUDFNDIWHUWUHDWPHQWRIWKHVHFRQGWUDFNLQWKHRYHUODSSHGDUHDWKHPHWKRGH[SODLQHGLQ6HFWLRQLVXVHG,Q
)LJWKHUHVXOWVRIWKHVLPXODWHGKDUGQHVVLQDVLQJOHWUDFNDQGLQWKHRYHUODSSHGDUHDDUHVKRZQ

 
)LJD+DUGQHVVHYROXWLRQGXULQJDVLQJOHODVHUWUDFNE6LPXODWHGKDUGQHVVLQWKHRYHUODSSHGDUHD

7KHIROORZLQJSDUDJUDSKVH[SODLQWKHHTXDWLRQVSURJUDPHGLQWKHPRGHOWRSUHGLFWWKHSDUWILQDOKDUGQHVVDQGWKH
SDUDPHWHUVSUHYLRXVDGMXVWPHQWYLDH[SHULPHQWDOUHVXOWV7RVKRZWKHSDUDPHWHUVDGMXVWPHQWPHGLXPFDUERQORZ
DOOR\VWHHO',1&NKDVEHHQXVHG)LUVWWKHUHDUHWKH$YUDPLHTXDWLRQVIRUGLIIXVLYHSKDVHWUDQVIRUPDWLRQGXULQJ
KHDWLQJ 7KHQ WKHUH LV WKH +ROORPRQ-DIIH HTXDWLRQ WR SUHGLFW WKH WHPSHUHG DQG RYHUWHPSHUHG KDUGQHVV LQ WKH
KDUGHQHGDUHDDIWHUWKHVHFRQGODVHUWUDFN%RWKHTXDWLRQVDUHWLPHDQGWHPSHUDWXUHGHSHQGHQW
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2.1. Avrami equations for diffusive phase transformation during a non-continuous heating  
7KHNLQHWLFHTXDWLRQRI-RKQVRQ0HOK$YUDPL-0$LVXVHGWRPRGHOGLIIXVLYHWUDQVIRUPDWLRQVGXULQJKHDWLQJ
=KDQJ HW DO  7KH -0$ H[SUHVVLRQ LV SUHVHQWHG LQ (TXDWLRQ  DQG UHSUHVHQWV WKH IUDFWLRQ RI WUDQVIRUPHG
PDWHULDORYHUWKHWLPHLQLVRWKHUPDOFRQGLWLRQV
   ^ `    H[S  H[Sn Qf t k T t k T k RT§ ·   o  ª º ¨ ¸¬ ¼ © ¹   
:KHUH Q LV D FRQVWDQW WKDW GHSHQGVRQ WKHQXFOHDWLRQPHFKDQLVPDQGJUDLQ JURZWK N LV WKH SUHH[SRQHQWLDO
IDFWRUUHODWHGWRWKHJUDLQJURZWKUDWH4LVWKHDFWLYDWLRQHQHUJ\RIWUDQVIRUPDWLRQ5WKHXQLYHUVDOFRQVWDQWIRULGHDO
JDV7LVWKHWHPSHUDWXUHDQGWLVWKHWLPH
7RPRGHO QRQ LVRWKHUPDO FRQGLWLRQV WKH IUDFWLRQ RI WUDQVIRUPHGPDWHULDO EDODQFH LV GRQH LQ GLIIHUHQWLDO WLPH
VWHSV 7KXV (TXDWLRQ  UHSUHVHQWV WKH IUDFWLRQ RI WUDQVIRUPHGPDWHULDO IRU D QXPEHU RI VXELQWHUYDOV WKDW FDQ EH
FRQVLGHUHGLVRWKHUPDO(OPHUHWDO:LWKWKHVHHTXDWLRQVLPSOHPHQWHGLQDQXPHULFDOPRGHOWKHSKDVHSHUFHQW
RIWUDQVIRUPHGPDWHULDOFDQEHNQRZQWKURXJKRXWWKHVLPXODWLRQWLPHVWHSVDQGSRVLWLRQVLQWKHSDUW
   
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:KHUH 7L LV WKH WHPSHUDWXUH DW WKH EHJLQQLQJ RI VWHS L ¨W UHSUHVHQWV WKH WLPH VSHQW LQ WKH LQWHUYDO DQG WLPH
FRQVWDQW ĲL DVVRFLDWHV WUDQVIRUPHG YROXPH IUDFWLRQ LQ VWHS L ZLWK WKH WLPH WKDW ZRXOG WDNH WKH PDWHULDO DW 7L
WHPSHUDWXUHWRDFKLHYHWKHVDPHH[WHQWRIWUDQVIRUPDWLRQ
'XULQJFRQWLQXRXVKHDWLQJWKHSKDVHWUDQVIRUPDWLRQEHWZHHQSHDUOLWHDQGIHUULWHWRDXVWHQLWHLVFOHDUO\VKRZQLQ
WKH GLODWRPHWU\ FXUYHV 2OLYHLUD HW DO  RU GXULQJ WKH WHPSHUDWXUH PHDVXUHPHQW LQ GLIIHUHQW ODVHU SXOVHV
0DUWLQH]HWDODVLWLVVKRZQLQ)LJ


)LJD'LDJUDPRIWHPSHUDWXUHHYROXWLRQGXULQJDVLQJOHODVHUSXOVHE/DVHUSXOVHVDWGLIIHUHQWKHDWLQJUDWHV

7KHWHPSHUDWXUHPHDVXUHPHQWRIODVHUSXOVHVDWGLIIHUHQWKHDWLQJUDWHVVLPLODUWRWKHKHDWLQJUDWHVGXULQJODVHU
KDUGHQLQJSURFHVVKDVEHHQXVHGWR WKHH[SHULPHQWDODFTXLVLWLRQRI-0$SDUDPHWHUV LQ WKHSKDVHWUDQVIRUPDWLRQV
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GXULQJ KHDWLQJ 7KH UHVXOWV LQ ',1 &N IURP SHDUOLWH WR DXVWHQLWH DQG IHUULWH WR DXVWHQLWH WHPSHUDWXUHWLPH
WUDQVIRUPDWLRQVFXUYHV777DUHVKRZQ LQ)LJ+HQFH WKHSHDUOLWH WRDXVWHQLWH WUDQVIRUPDWLRQ LVQDUURZHUDQG
IDVWHUWKDQWKHIHUULWHWRDXVWHQLWHRQH

 
)LJD3HDUOLWHWRDXVWHQLWH777KHDWLQJFXUYHIRU',1&NE)HUULWHWRDXVWHQLWH777KHDWLQJFXUYHIRU',1&N
2.2. Hollomon-Jaffe parameter for hardness value after tempering 
7KH+ROORPRQ-DIIHSDUDPHWHU-3GHVFULEHVWKHHIIHFWRIDKHDWWUHDWPHQWDWDSDUWLFXODUWHPSHUDWXUHIRUDFHUWDLQ
WLPH,WLVXVHGWRFRPSDUHWKHUHVSRQVHRIVWHHOWRDWHPSHULQJWUHDWPHQWE\GHVFULELQJDQHTXLYDOHQFHRIWLPHDQG
WHPSHUDWXUHIRUWKHUPDOO\DFWLYDWHGSURFHVVHV%URRNV7KHKDUGQHVVDIWHUWKHWHPSHULQJWUHDWPHQWGHSHQGV
RQLWVWHPSHUDWXUHDQGLWVWLPH7KXVWKHVDPHHIIHFWFDQEHDFKLHYHGZLWKDORZWHPSHUDWXUHDQGDORQJKROGLQJ
WLPHRUZLWKDKLJKHU WHPSHUDWXUHDQGDVKRUWKROGLQJWLPH7KLVH[FKDQJHDELOLW\RIWLPHDQGWHPSHUDWXUHFDQEH
GHVFULEHGE\(TXDWLRQ
   ORJ
P
TJ C t     
:KHUH7LVWKHDEVROXWHWHPSHUDWXUHLQ.HOYLQ&LVDFRQVWDQWGLIIHUHQWIRUHDFKPDWHULDODQGW LVWKHWLPHLQ
KRXUVIRUDQLVRWKHUPDOFRQGLWLRQ
,Q7DEOHLWLVUHSUHVHQWHGWKHWHPSHULQJKDUGQHVVDQG-SSDUDPHWHUIRU',1&NVWHHO7KHGLIIHUHQWYDOXHVKDYH
EHHQ REWDLQHG IURP PDWHULDO WHPSHULQJ WDEOHV IURP PDWHULDO GDWDVKHHWV DW 7K\URGXU  DQG HYDOXDWLQJ WKH
(TXDWLRQ
,QWKLVFDVHLWKDVEHHQDVVXPHGWKDWWKHUHLVDGLUHFWHTXLYDOHQFHEHWZHHQWKH-SSDUDPHWHUDQGWKHILQDOKDUGQHVV
LQWKHPDUWHQVLWHVWUXFWXUH+HQFHWRHYDOXDWHWKH-SSDUDPHWHUZLWKWKHPRGHOLQGLIIHUHQWSRLQWVRIWKHSDUWV WKH
PD[LPXP WHPSHUDWXUH YDOXH DFKLHYHG LQ HDFK SDUW SRLQW LV LQWURGXFH LQ (TXDWLRQ ZLWK WKH HTXLYDOHQW WLPH RI
V







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7DEOH7HPSHULQJFXUYHDQG-3SDUDPHWHUIRU',1&N7K\URGXU
7HPSHUDWXUH&. -3& KRXU +DUGQHVV+9
&.  
&.  
&.  
&.  
&.  
&.  
&.  
([SHULPHQWDOVHWXS
7KHODVHUKDUGHQLQJWHVWVKDYHEHHQSHUIRUPHGLQDPDFKLQHWRROVSHFLDOO\GHVLJQHGIRUODVHUPDWHULDOSURFHVVLQJ
WHVWLQJ7KHPDFKLQHLVDFRQYHUWHGD[HVPDFKLQLQJFHQWHUZLWKDZRUNVSDFHLQ;<=UHVSHFWLYHO\RI[
[PPDQGWZRURWDU\D[HV%DQG&7KHVSLQGOHKDVEHHQUHSODFHGE\D'VFDQQHUWKDWFDQVFDQDQDUHDRI
[PPZKLFKDGGVWZRDGGLWLRQDOOLQHDUD[HV8DQG97KHODVHUV\VWHPLVDVROLGVWDWHILEHUODVHU5RILQ
6LQDU)/ZLWKDPD[LPXPSRZHURIN:FRXSOHGWRDPLFURQVILEHUFRQQHFWHGWRWKHVFDQQHU
,QDGGLWLRQDWHPSHUDWXUHFRQWUROORRSWRPDLQWDLQWKHWHPSHUDWXUHFRQVWDQWRQWKHVXUIDFHGXULQJODVHUKDUGHQLQJ
SURFHVVKDVEHHQDGGHGDVLVVKRZQLQ)LJ7KHWHPSHUDWXUHGXULQJWKHSURFHVVLVPHDVXUHGZLWKRXWFRQWDFWZLWKD
FRORUS\URPHWHU WKDW JLYHV WKH DFWXDO YDOXH RI WKH WHPSHUDWXUH ZLWKRXW LQWURGXFH SDUW HPLVVLYLW\ 7KHQ WKH
WHPSHUDWXUHRIWKHSDUWVXUIDFHLVVWRUHGLQDFRPSXWHUDQGFRPSDUHGZLWKWKHUHIHUHQFHWHPSHUDWXUH7KHHUURULQ
WHPSHUDWXUH LVXVHGDV LQSXWYDOXHIRUDGLJLWDO3,'FRQWURO WKDWDGMXVWVDQGREWDLQVDQHUURURQ ODVHUSRZHU7KDW
SRZHUYDULDWLRQLVDGGHGWRWKHSUHYLRXVF\FOHYDOXHDQGLVVHQWWRWKHODVHUJHQHUDWRU7KXVDODVHUEHDPZLWKWKH
UHTXLUHGSRZHULVJXLGHGE\DILEHUWRWKHVFDQQHU7KHVFDQQHUPRYHVWKHODVHUEHDPWRWKHFRUUHVSRQGLQJSRLQWLQ
WKHSDUWVXUIDFHKHDWLQJLWDQGWKHWHPSHUDWXUHFRQWUROORRSLVFORVHG

)LJ'LDJUDPRIWKHWHPSHUDWXUHFRQWURODQGPDFKLQHHOHPHQWVIRUODVHUKDUGHQLQJSURFHVV


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2QWKHRWKHUKDQGWKHODVHUDQGPDFKLQHSDUDPHWHUVXVHGGXULQJWKHH[SHULPHQWVDUHWKHRQHVVKRZQLQWKH7DEOH
DQGPRUHSDUWLFXODUO\WKHSURFHVVVWXGLHGLVODVHUKDUGHQLQJZLWKVFDQQLQJRSWLFVSURFHVV0DUWtQH]HWDO
  7DEOH/DVHUDQGPDFKLQHSDUDPHWHUV
3DUDPHWHU 9DOXHunits 
/DVHUSRZHU 9DULDEOHZLWKWHPSHUDWXUHFRQWUROW
/DVHUEHDPGLDPHWHU mm
&RQWUROWHPSHUDWXUH ºC
0DFKLQHIHHGUDWH mm/min
6FDQQLQJVSHHG mm/s 
/DVHUWUDFNZLGWK mm
2YHUODSSHGDUHD %

+DUGQHVVUHVXOWV
,Q ',1 &N VWHHO WKH ILQDO KDUGQHVV DFKLHYHG LQ HDFK SRLQW RI WKH SDUW (TXDWLRQ  LV WKH DGGLWLRQ RI WKH
KDUGQHVVRIHDFKSKDVHSHDUOLWHIHUULWHDQGRUPDUWHQVLWHE\WKHIUDFWLRQRIHDFKSKDVHLQWKHSRLQWHYDOXDWHGDIWHU
WKHODVHUKDUGHQLQJSURFHVV%HFDXVHRIDUDSLGFRROLQJ WKHVDPHSHUFHQWDJHRIPDUWHQVLWH WKDQWKHSHUFHQWDJHRI
DXVWHQLWHLVVXSSRVHG
 f f p p m a mH H f H f H f       
7KHIHUULWHKDUGQHVV+I +9DQGWKHSHDUOLWHKDUGQHVV+S +9DUHVXSSRVHGFRQVWDQWWKURXJKRXWWKH
H[SHULPHQW7KHPDUWHQVLWHKDUGQHVV+PLVVXSSRVHG+9LQDVLQJOHODVHUWUDFNDQGWKHYDOXHREWDLQHGLQ7DEOH
IRUWKHVDPH-SSDUDPHWHULQWKHWHPSHUHGDQGRYHUWHPSHUHG]RQHLQWKHRYHUODSSHGDUHD
2Q WKH RWKHU KDQG WKH LQLWLDO IUDFWLRQ RI PDUWHQVLWH IDP IHUULWH II DQG SHDUOLWH IS LV   DQG 
UHVSHFWLYHO\7KHILQDOIUDFWLRQVGHSHQGRQWKHSHUFHQWDJHRISKDVHWUDQVIRUPHGREWDLQHGE\WKHHTXDWLRQVGHYHORSHG
LQ6HFWLRQ
4.1. Single laser track 
7KHUHVXOWVRIKDUGQHVV LQGHSWKPRGHOHGLQDVLQJOH ODVHU WUDFNDQGWKHRQHVPHDVXUHGLQ WKHH[SHULPHQWVDUH
VKRZQLQ)LJ$GGLWLRQDOO\WKHISIIDQGIDPLQGHSWKREWDLQHGLQWKHPRGHOZLWKH[SHULPHQWDODFTXLVLWLRQRIWKH
-0$ SDUDPHWHUV DUH VKRZQ LQ WKH ILJXUH 7KXV WKHPRGHO SUHGLFWV WKH KDUGQHVV GXULQJ ODVHU KDUGHQLQJ SURFHVV
7KHVHUHVXOWVDUHWKHHIIHFWRIWZRIDFWRUVWKHLPSOHPHQWDWLRQRIDWHPSHUDWXUHFRQWUROORRSLQWKHPRGHOWRPDLQWDLQ
LWFRQVWDQWDVGXULQJWKHSURFHVVDQGWKHJRRGILWEHWZHHQWKH-0$SDUDPHWHUVREWDLQHGE\PHDQVRIODVHUSXOVHV
DQGWKHUHDORQHV

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 
)LJ5HVXOWVRIKDUGQHVVDQGIUDFWLRQRIHDFKSKDVHLQGHSWKGXULQJVLQJOHODVHUWUDFN',1&N
4.2. Overlapped tracks (Hardened and tempered) 
7KHUHVXOWVRIKDUGQHVVDORQJWKHWZRODVHUWUDFNVQHDUWKHKDUGHQHGVXUIDFHȝPEHORZWKHVXUIDFHDQGZLWK
RIRYHUODSSHGDUHDDUHVKRZQLQ)LJXUH7KHKDUGQHVVYDOXHGHFUHDVHVIURP+9WRQHDU+9LQWKH
RYHUWHPSHUHG]RQH

)LJ0RGHODQGUHDOKDUGQHVVLQRYHUODSSHGDUHD',1&N
7KHJRRGDGMXVWPHQWEHWZHHQVLPXODWHGDQGUHDOKDUGQHVVGRHVQRWPHHWWKHSURFHVVVSHFLILFDWLRQVLQWKHRYHU
WHPSHULQJDUHDEHWZHHQERWKODVHUWUDFNV7KHKDUGQHVVGHFUHPHQWLVVKRZQLQDOOWKHRYHUODSSHGFRQVLGHUHGLQ)LJ
 WKH RYHUODSSHG DUHD LV WKH  DQG WKH WHPSHULQJ UHVXOWV DUH VLPLODU 7KXVZLWK',1&N WKLVPDWHULDO WKH
GLIIHUHQFHEHWZHHQWKHUHDODQGPRGHOKDUGQHVVLVGXHWRWKHHUURUFRPPLWWHGGXULQJWKHKDUGQHVVPHDVXUHPHQWV


)LJ0RGHODQGUHDOKDUGQHVVLQRYHUODSSHGDUHD',1&N
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+DUGQHVVUHVXOWVLQ',1;&U0R9DFROGZRUNWRROVWHHO
7KHVDPHPHWKRGRORJ\DVWKHRQHGLVFXVVHGLQWKHSUHYLRXVVHFWLRQVRIWKLVDUWLFOHKDVEHHQXVHGWRHYDOXDWHWKH
WHPSHULQJ]RQHLQ',1;&U0R9WRROVWHHO
'XULQJ WKH WHPSHULQJFXUYHRI',1;&U0R9 WRRO VWHHO WKHUH LVD VHFRQGDU\KDUGQHVVDWKLJK WHPSHULQJ
WHPSHUDWXUHVZKHUHWKHKDUGQHVVLVLQFUHDVHG,QWKLVVWHHOWKHWHPSHULQJFXUYHLVWKHVXPRIWKUHHIDFWRUVDVLW LV
VKRZQLQWKHPDWHULDOGDWDVKHHWV7K\URGXUWKHPDUWHQVLWHWHPSHULQJFXUYHWKHKDUGQHVVLQFUHPHQWGXULQJ
WKHFDUELGHVSUHFLSLWDWLRQDQGILQDOO\WKHWUDQVIRUPDWLRQRIUHWDLQHGDXVWHQLWHWRPDUWHQVLWH,QVWHDGWKHWHPSHULQJ
FXUYHRI',1&NRQO\KDVWKHHIIHFWRIWKHPDUWHQVLWHWHPSHULQJ$VLWLVVKRZQLQ)LJDWKHWHPSHULQJFXUYH
RIERWKPDWHULDOVLVYHU\GLIIHUHQW7KXVWKHWRROVWHHOZLWKDVHFRQGDU\KDUGHQLQJDWKLJKWHPSHULQJWHPSHUDWXUHV
VKRZVDPXFKEHWWHUEHKDYLRUDWKLJKWHPSHUDWXUHWHPSHULQJ
,Q)LJEWKHKDUGQHVVUHVXOWVRIWKHPRGHODQGWKHUHDOWHVWKDYHEHHQFRPSDUHG,QJHQHUDOLWLVQRWDYHU\
JRRG ILW EHWZHHQ ERWK JUDSKV EXW WKH KDUGQHVV LQ WKH WHPSHUHG ]RQH LV FOHDUO\ LPSURYHG 7KLV ORZ KDUGQHVV
GHFUHPHQWPHHWVPDQXIDFWXULQJVSHFLILFDWLRQVLQWKHWHPSHUHG]RQH
:LWK WKLVPDWHULDO WKH SKDVH WUDQVIRUPDWLRQV GXULQJ WKH KHDWLQJ DUHPRUH FRPSOH[ EHFDXVH WKHUH DUH D ODUJH
DPRXQWRIFDUELGHVDQGWKH\DUHQRWDVGHILQHGDVWKHRQHVDSSHDUHGGXULQJWKHWHPSHUDWXUHPHDVXUHPHQWVGXULQJD
KHDWLQJODVHUSXOVHLQ',1&NFDUERQVWHHO)LJ%HVLGHVWKHODUJHQXPEHURIFDUELGHVLQVLGHVDIHUULWHSHDUOLWH
DQGUHWDLQHGDXVWHQLWHPDWUL[FDXVHVDJUHDWYDULDELOLW\LQPLFURKDUGQHVVPHDVXUHPHQWV

 
)LJD'LIIHUHQFHVLQWKHWHPSHULQJFXUYHVIRU',1&NDQG',1;&U0R9E0RGHODQGUHDOKDUGQHVVLQRYHUODSSHGDUHD',1
;&U0R9
&RQFOXVLRQV
,QWKLVSDSHUWKHZKROHPHWKRGRORJ\WRVWXG\WKHKDUGQHVVLQWKHSDUWDIWHUPXOWLWUDFNODVHUKDUGHQLQJSURFHVVE\
PHDQV RI QXPHULFDO VLPXODWLRQV DQG H[SHULPHQWDO WHVWV GXULQJ D WHPSHUDWXUH FRQWUROOHG ODVHU KDUGHQLQJ ZLWK
VFDQQLQJRSWLFVSURFHVVKDVEHHQSUHVHQWHG7KXV LQRUGHU WR VWXG\ WKHLU GLIIHUHQFH DQG WRYDOLGDWH WKHSURSRVHG
PHWKRGRORJ\ WZR VWHHOV ZLWK YHU\ GLIIHUHQW WHPSHULQJ FXUYHV KDV EHHQ XVHG D FROG ZRUN WRROVWHHO ',1
;&U0R9DQGDPHGLXPFDUERQORZDOOR\VWHHO',1&N%DVHGRQWKHH[SHULPHQWDODQGPRGHOHGUHVXOWV
WKHIROORZLQJFRQFOXVLRQVFDQEHVWDWHG
x 7KH SKDVH WUDQVIRUPDWLRQV GXULQJ KHDWLQJ FDQ EH VLPXODWHG QXPHULFDOO\ E\ PHDQV RI -0$ HTXDWLRQ 7KLV
HTXDWLRQSDUDPHWHUVKDYHEHHQREWDLQHGH[SHULPHQWDOO\WKURXJKWKHWHPSHUDWXUHPHDVXUHPHQWLQGLIIHUHQWODVHU
SXOVHV
x 7KHILQDOKDUGQHVVDFKLHYHGLQHDFKSRLQWRIWKHSDUWLVWKHDGGLWLRQRIWKHKDUGQHVVRIHDFKSKDVHSHDUOLWHIHUULWH
DQGRUPDUWHQVLWHE\WKHIUDFWLRQRIHDFKSKDVHLQWKHHYDOXDWHGSRLQW
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x +DUGQHVVRIPDUWHQVLWHSKDVHDIWHUWHPSHULQJFDQEHREWDLQHGE\PHDQVRI+ROORPRQ-DIIHSDUDPHWHUIURPWKH
WHPSHULQJFXUYHVIRXQGLQPDWHULDOGDWDVKHHW
x /DVHUPXOWLWUDFNVZLWKRYHUODSSLQJ]RQHVRIDQGKDYHEHHQVWXGLHG
x 7KHPHWKRGRORJ\H[SRVHGKDVREWDLQHGYHU\JRRGUHVXOWVLQ',1&NFDUERQVWHHODQGQRWWRRJRRGUHVXOWVLQ
',1;&U0R9 WRROVWHHO0D\EH LW LV GXH WR DZRUVH DGMXVWPHQW RI -0$SDUDPHWHUV DQG DKLJKHU HUURU
GXULQJPLFURKDUGQHVVPHDVXUHPHQW
x )LQDOO\ WKH PRVW LPSRUWDQW FRQFOXVLRQ LV WKDW WKH WHPSHUHG ]RQH LQ WRRO VWHHO PHHWV WKH SURFHVV KDUGQHVV
UHTXLUHPHQWVZKLFKGRHVQRWKDSSHQLQWKHVWXGLHGFDUERQVWHHO
$FNQRZOHGJHPHQWV
6SHFLDO WKDQNV DUH DGGUHVVHG WR WKH ,QGXVWU\ DQG &RPSHWLWLYHQHVV 6SDQLVK 0LQLVWU\ IRU WKH VXSSRUW RQ WKH
'3,&5785%2SURMHFWDQG57&$GGL&OHDQ
5HIHUHQFHV
%KDGHVKLD+.'+6WHHOVIRUEHDULQJV3URJUHVVLQ0DWHULDOV6FLHQFH
%URRNV&53ULQFLSOHVRI WKHKHDW WUHDWPHQWRISODLQFDUERQDQGORZDOOR\VWHHOV (G$60,QWHUQDWLRQDO7KHPDWHULDOV ,QIRUPDWLRQ
6RFLHW\SS
(OPHU-:3DOPHU7$=KDQJ::RRG%'HEUR\7.LQHWLFPRGHOLQJRISKDVHWUDQVIRUPDWLRQVRFFXUULQJLQWKH+$=RI&0Q
VWHHOZHOGVEDVHGRQGLUHFWREVHUYDWLRQV$FWD0DWHULDOLD,VVXH
0DUWtQH]68NDU(/DPLNL]$7DEHUQHUR,/DVHUKDUGHQLQJPRGHOGHYHORSPHQWEDVHGRQDVHPLHPSLULFDODSSURDFK,QWHUQDWLRQDO
-RXUQDORI0HFKDWURQLFVDQG0DQXIDFWXULQJ6\VWHPV
0DUWtQH] 6 /DPLNL] $ 8NDU ( 7DEHUQHUR ,  $UUL]XELHWD ,  &RQWURO ORRS WXQLQJ E\ WKHUPDO VLPXODWLRQ DSSOLHG WR WKH ODVHU
WUDQVIRUPDWLRQKDUGHQLQJZLWKVFDQQLQJRSWLFVSURFHVV$SSOLHG7KHUPDO(QJLQHHULQJ
2OLYHLUD)/*$QGUDGH06&RWD$%.LQHWLFVRIDXVWHQLWH IRUPDWLRQGXULQJFRQWLQXRXVKHDWLQJ LQD ORZFDUERQVWHHO0DWHULDOV
&KDUDFWHUL]DWLRQ
3RSUDZH57DLORUHG/LJKW/DVHU$SSOLFDWLRQ7HFKQRORJ\(G6SULQJHU
7K\URIRUW+HDWWUHDWDEOHVWHHOVKWWSZZZGHZVWDKOFRP
=KDQJ:(OPHU-:'HEUR\70RGHOLQJDQGUHDOWLPHPDSSLQJRISKDVHVGXULQJ*7$ZHOGLQJRIVWHHO0DWHULDOV6FLHQFHDQG
(QJLQHHULQJ$SS
